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Abstract: We describe a technique that directly measures a pure quantum state of arbitrary
dimensions with a single setting of the measurement apparatus. We demonstrate our method
by measuring a million-dimensional photonic spatial state.
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The state vector of a pure quantum system is a set of complex probability amplitudes used for describing the system
in each state of a given Hilbert space. Characterizing the state of a quantum system is crucial for fundamental studies in
quantum mechanics as well as for manipulating and utilizing quantum systems for practical applications. One severe
drawback of all currently available quantum metrology techniques is the need for a time-consuming characterization
process, which scales very unfavorably with the dimensionality of the quantum system.
Here we describe a scan-free direct measurement approach that is capable of simultaneously measuring the entire
state vector of a pure quantum system, consequently eliminating the need for scanning through each basis state. Our
method involves a proper arrangement of weak [1, 2] and strong measurements. Specifically, to measure the state
vector of a quantum system in one Hilbert space A , one first applies a weak measurement to the quantum system in
one fixed state jb0i of its complementary basis B, and then performs the strong measurement directly in A . Here,
a weak measurement refers to the process of applying a weak operator pˆa on the system with minimal perturbation
such that the original quantum state jyi does not collapse fully until a second, conventional (also known as “strong”)
measurement is performed.
As an example, we here describe the procedure of measuring the transverse spatial state of a photon, which is a
convenient high-dimensional quantum system for study, and which has a well-understood classical analogue as the
transverse complex field profile of an optical beam. In order to measure the complex probability amplitude of a photon
at a position state x, one first performs a weak projection measurement of the zero momentum state p0 = 0, followed
by a strong measurement of the position state. Through such a procedure, the measured weak value hppiwx is given by
hppiwx =
hxjp0ihp0jyi
hxjyi =
n
y(x)
; (1)
where n is a normalization constant, and y(x) denote the state vector of the photon expressed in the position base.
One sees that the average result of such a measurement directly leads to the complex probability amplitude of
the photon at position x. The main advantage of this approach is that the weak value hppiwx at all positions can be
measured simultaneously. This is because the strong measurement in x can be performed on all position states at the
same time through the use of an appropriate detector array. Thus, the need for a time-consuming scanning procedure
is eliminated, and the entire state vector can be obtained with a single setting of the measurement apparatus.
Our experimental procedure is as follows. An ensemble of photons from a collimated laser beam with a fixed
polarization state is first prepared using a phase-only spatial light modulator (SLM), which allows a high degree of
control of the transverse spatial state y(x) of the diffracted photons. The identically prepared photons pass through
a 4 f imaging system. The weak measurement is first performed in the momentum space, i.e., the mutual focal plane
of the two lenses, where a second phase-only SLM, in combination with two waveplates, is used to rotate the linear
polarization of the photons in the zero-momentum state jpi= 0 through a small angle a . Parallel strong measurements
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for all the position states are then simultaneously performed at the image plane of the 4 f system, during which the
spatial polarization profile of the photons is measured. Formally, if one uses a two-dimensional vector, [0 1]T, to denote
the initial polarization state of the photons in the horizontal-vertical linear polarization basis, the complex probability
amplitude of the photons in each position state jxi is given by
y(x) = hxjyi = nhppiwx
=
n 0
[hsf(x)jsˆ1jsf(x)i  ihsf(x)jsˆ2jsf(x)i] ; (2)
where sˆ1 and sˆ2 are the first and second Pauli operators, respectively, jsf(x)i is the final polarization state at each
position x at the image plane, and n and n 0 are constants determined through normalization.
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Fig. 1. (a) Schematic diagram of our scan-free direct measurement of the transverse wavefunction of
photons; the measured real (b) and imaginary (c) parts of the two-dimensional weak values and the
corresponding phase (c) and amplitude (d) profiles of the transverse spatial state of photons carrying
orbital angular momentum (OAM) with quantum number l = 3.
As an example of demonstration, we here characterize photons carrying orbital angular momentum (OAM) [3]. The
real and imaginary parts of the measured weak value hppiwx for photons with l = 3 are plotted in Fig. 1(b) and (c),
respectively. One sees that the magnitude of jhppiwx j becomes very large towards the center of the OAM beam, which
is exactly expected due to the inverse relation between hppiwx and the complex probability amplitude f(x) of an OAM
beam, which approaches zero towards the phase singularity at the center. The corresponding phase and amplitude
of jy(x)j is shown in Fig. 1(d) and (e), which accurately reveals the azimuthal phase structure and the central-null
feature of the amplitude. Since one can have independent control of the complex probability amplitude of the photons
at each pixel of the transverse space, the dimensionality of our measured state is approximately 1.2 million, which
is determined by the spatial extent of the photons (approximately 7 mm in diameter) and the discrete nature of our
detector array (with pixel size of 5.4 mm2). The fidelity of the shown l = 3 OAM mode in the spatial Hilbert space
is calculated to be approximately 0.93. Such a high fidelity of our result demonstrates that our direct measurement
technique is indeed capable of measuring the complex-value quantum state vector with very high accuracy.
Our scan-free direct measurement approach opens up the possibility to characterizing high-dimensional quantum
systems in real-time for which a state-by-state scanning process would become impractically time-consuming or even
infeasible. Moreover, our specific demonstration of measuring photons’ transverse spatial state is also a promising
new technology for classical wavefront sensing applications in fields as diverse as observational astronomy, free-space
optical communication, and biomedical imaging.
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